The calpain gene family and its inhibitors have diverse effects, many related to protein turnover, which appear to affect a range of phenotypes such as diabetes, exercise-induced muscle injury, and pathological events associated with degenerative neural diseases in humans, fertility, longevity, and postmortem effects on meat tenderness in livestock species. The calpains are inhibited by calpastatin, which binds directly to calpain. Here we report the direct measurement of epistatic interactions of causative mutations for quantitative trait loci (QTL) at calpain 1 (CAPN1), located on chromosome 29, with causative mutations for QTL variation at calpastatin (CAST ), located on chromosome 7, in cattle. First we identified potential causative mutations at CAST and then genotyped these along with putative causative mutations at CAPN1 in .1500 cattle of seven breeds. The maximum allele substitution effect on the phenotype of the CAPN1:c.947G.C single nucleotide polymorphism (SNP) was 0.14 s p (P ¼ 0.0003) and of the CAST:c.155C.T SNP was also 0.14 s p (P ¼ 0.0011) when measured across breeds. We found significant epistasis between SNPs at CAPN1 and CAST in both taurine and zebu derived breeds. There were more additive 3 dominance components of epistasis than additive 3 additive and dominance 3 dominance components combined. A minority of breed comparisons did not show epistasis, suggesting that genetic variation at other genes may influence the degree of epistasis found in this system.
PISTASIS is often assumed to be pervasive in some genetic models (Wright 1980; Gjuvsland et al. 2007 ) even though it is always difficult to show epistasis for genes with small phenotypic effect. Examples of epistasis, involving mutations that cause discrete changes to the phenotype, were reported soon after the principles of Mendelian inheritance were rediscovered (Bateson 1909) . There are many examples (Beadle and Ephrussi 1936; Kijas et al. 1998; Olson 1999 ) and the subject has been reviewed recently (Carlborg and Haley 2004) . Strong effects of the genetic background can also be shown on the phenotype, and these by definition contain a component of epistasis. In addition, several studies have shown that epistasis exists due to quantitative trait loci (QTL) (Wang et al. 1999; Luo et al. 2001; Carlborg et al. 2006) , and epistasis has been measured for microsatellites and other DNA variants (Tiret et al. 1994; Routman and Cheverud 1997) . Nevertheless, demonstrations of epistasis are not common for quantitative traits, and this may be partly due to the way epistasis is usually conceptualized (Fisher 1918; Hansen and Wagner 2001) , as a residual deviation from the additive effects.
Several alternative approaches have been proposed either to estimate or to describe epistasis for quantitative variation (Cockerham 1954; Kempthorne 1954; Cheverud and Routman 1995; Hansen and Wagner 2001; Barton and Turelli 2004; Zeng et al. 2005; Mao et al. 2006 ) using different mathematical symbols and fundamental assumptions. The methods of Cockerham and Kempthorne were independent attempts to partition the epistasis defined by Fisher in 1918 while that of Cheverud and Routman was an attempt at defining epistasis without explicit use of allele frequencies. The Cheverud-Routman method has been criticized (Zeng et al. 2005 ) and the Cockerham and Kempthorne methods have both been developed further, the former by Zeng and co-workers and the latter by Mao and coworkers. The approaches of Hanson and Wagner or Barton and Turelli to describe epistasis have not been translated into formal methods, although Hanson and Wagner have reanalyzed data under their framework (Hansen and Wagner 2001) . Numerical examples show that different methods will estimate different 1 values for the components of epistasis (Zeng et al. 2005) but that different models cannot explain more variation due to epistasis.
The calpain gene family and its inhibitors are a good subject for a study of epistasis because they are known to have protein-protein interactions (Betts and Anagli 2004) . This family of genes affects a range of phenotypes such as diabetes in humans (Horikawa et al. 2000) , exercise-induced muscle injury (Belcastro et al. 1998) , pathological events associated with degenerative neural diseases in humans ( James et al. 1998) , fertility and longevity (Garcia et al. 2006) , and postmortem effects on meat tenderness in a variety of livestock species (Koohmaraie 1996) . The calpains are inhibited by calpastatin (Goll et al. 2003) , which binds directly to calpain.
To study epistasis between QTL in detail, we chose as a model system two unlinked QTL affecting the same trait (meat tenderness) and for which gene tests based on calpain 1 (CAPN1) and calpastatin (CAST ) are now available. Quantitative traits are affected by an unknown number of Mendelian factors (QTL) that are in themselves small and their effects can generally only be seen when tied to chromosomal segments (Geldermann 1975) . The molecular genetic bases for QTL are generally not known but are assumed to be no different in kind from mechanisms that have already been demonstrated for other traits. QTL have been reported for meat tenderness; the direct role of calpain 1 and calpastatin in postmortem meat tenderization in cattle is well known (Whipple et al. 1990; Koohmaraie 1996) and DNA variants at both CAPN1 (bovine chromosome 29) and CAST (bovine chromosome 7) affect meat tenderness (Casas et al. 2000 (Casas et al. , 2006 Barendse 2002; Page et al. 2002; White et al. 2005; Drinkwater et al. 2006; Morris et al. 2006; Schenkel et al. 2006; Van Eenennaam et al. 2007 ). This genetic variation could be a useful model for the study of gene-gene interaction for QTL, because these QTL have small phenotypic effects. Here we report an examination of the putative causative mutations at the calpain 1 (CAPN1) and calpastatin (CAST ) genes and the direct measurement of epistatic interactions of causative mutations for these QTL, using the G2A method (Zeng et al. 2005) .
MATERIAL AND METHODS
Cattle samples: The beef CRC cattle DNA samples and the methods of measurement of phenotypes have been reported previously (Perry et al. 2001; Upton et al. 2001 (Burrow 1998) and is a ½ Africander (a sanga breed from Southern Africa, seen as a taurine type), ¼ Hereford, and ¼ Shorthorn composite.
Meat tenderness was measured in kilograms using peak force measurements for the musculus longissimus lumborum (LLPF) as described previously (Perry et al. 2001) . Tenderness measurements are available for Angus (N ¼ 1409), Brahman (N ¼ 1118), Belmont Red (N ¼ 1475), Hereford (N ¼ 918), Murray Grey (N ¼ 368), Santa Gertrudis (N ¼ 1223), and Shorthorn (N ¼ 458) animals. The LLPF measurements were adjusted across all animals using restricted maximum likelihood in a general linear mixed model implemented through ASReml (Gilmour et al. 1995) , where LLPF $ N(m 1 kill group 1 herd of origin 1 age of slaughter 1 sire, s 2 e ) and where sire was fitted as a random effect. There are several herds of origin associated with each breed so the average genetic effects due to breed and sire were included in the model as well as fixed environmental treatment effects; this avoids false associations due to inappropriate lumping of groups. A sample of 1900 animals was genotyped for each single nucleotide polymorphism (SNP), except for CAST:c.856G.A, which showed little variation in taurine animals, and CAST:c.2832A.G, which was genotyped on 4936 animals; the larger number of animals was genotyped for this SNP to validate its effects. The animals were chosen to maximize the number of sires in the study, with the aim of having as diverse a sample as possible.
CAST sequence: Five micrograms of the total RNA from 1 g of muscle was translated to cDNA by the oligo-dT method using the Invitrogen Superscript Rnase H-Reverse transcriptase kit following the manufacturer's instructions. Ten individuals were sequenced, and individuals for sequencing were chosen on their genotype at the (NM_174003.2) CAST:c.2832A.G SNP, which is the current genetic test located in the 39 UTR (Barendse 2002) . The identity of the cDNA sequence was confirmed using BLAST (Altschul et al. 1990 ). These sequences were assessed, then assembled into contigs using Phred (Ewing et al. 1998) and Phrap and viewed using Consed (Gordon et al. 1998) . PolyPhred (Nickerson et al. 1997 ) was used to identify variable bases. SNPs were described using standard nomenclature (den Dunnen and Antonarakis 2000) .
To show what the likely effects of the amino acid sequence changes would be on the structure of calpastatin, we compared the amino acid changes using the translated reference sequence (NM_174003.2) for this gene. These sequences were analyzed with a nine-amino acid window using the KyteDoolittle hydropathy algorithm (Kyte and Doolittle 1982) and the results were plotted.
SNP analysis: SNPs were genotyped using the Taqman MGB allele discrimination method (ABI, Foster City, CA) as before (Barendse et al. 2006 ) using the probes and primers listed in Table 1 by two individuals. The observed genotype frequencies were compared to expected frequencies under the HardyWeinberg equilibrium (HWE) using the chi-square test. Allele frequency differences were tested by comparing genotype counts between populations while LD was tested using haplotypes obtained using the EM algorithm (Weir 1996) . The haplotypes were used to calculate r 2 (Hill and Robertson 1968) as a measure of LD, which estimates the correlation between genotypes and has an expectation of zero for populations in linkage equilibrium (LE) . Differences between mean r 2 values were compared using Student's t-test with significance determined using 100,000 permutations.
Associations between genotypes and meat tenderness were tested using statistical methods described previously (Gilmour et al. 1995; Lynch and Walsh 1998; Barendse et al. 2007) . In brief, mean residual trait values for each genotype were compared using F-tests and the most divergent genotypes were compared with a t-test, with the significance determined using 100,000 permutations. The proportion of the residual variance explained by an SNP or combination of SNP was calculated by comparing the sum of squares of the model without SNP to the model with one SNP, then the model with one SNP was compared to that with two SNPs, and so on. The order in which SNPs were added was determined by fitting all the SNPs and then removing the SNPs stepwise using the Aikake Information Criterion in S-Plus (Venables and Ripley 2000) . The SNP that was removed last was fitted first and so on.
Measurement of epistasis: Cattle populations have undergone population bottlenecks associated with domestication and subsequently with breed formation (MacHugh et al. 1997) . In addition, cattle in the breeds in this study are under artificial selection in national herd recording schemes, so the populations are not large random mating groups. This may generate samples that exhibit HWD and LD between unlinked loci, so the methods that are used should either account for this or should be unaffected by population structure, or the data should be shown to be in HWE and LE. Nevertheless, methods that assume the data are in HWE and LE are only under a large disadvantage for samples of N , 200 in detecting epistasis, and spurious detection of epistasis with incorrect models will be primarily of the additive by additive component (Mao et al. 2006) .
We used the full G2A method (Zeng et al. 2005 ) to calculate components of epistasis, i.e., additive by additive (aa), additive by dominance (ad), dominance by additive (da), and dominance by dominance (dd) components. In case of possible population structure caused by the evolutionary history of the species, the estimates of the epistatic components were tested by permutation. To determine significance, the data were permuted 10,000 times and both the phenotype and the genotype at the second locus were permuted against the genotype at the first locus with the permutation occurring within each breed; the number of times that larger components of epistasis were obtained by permutation was counted and divided by the total number of permutations. Standard errors were calculated for the epistatic components using the bootstrap, where the standard error is the standard deviation (Efron and Tibshirani 1991) of 1000 bootstrap replicates of each epistatic component. With low minor allele frequencies one of the genotypes may be absent; during permutation this absence is accounted for and does not contribute to the significance of an estimate of epistasis. The software, EPEE, performs the permutations on pairs of loci for data files that may contain a user-defined number of loci and thousands of individuals and is available at http:/ /www.cgd.csiro.au/software.html.
RESULTS
To identify possible causative mutations in calpastatin, we sequenced animals of known genotype to find SNPs that alter the amino acid sequence. We found 12 SNPs in the 91 cDNA sequence reads from the 10 animals. Four of these change the amino acid sequence, (NM_174003.2) CAST:c.143G.A Ser48Gly, CAST:c.155C.T Pro52Leu, CAST:c.856G.A Ala286Thr, and CAST:c.1487C.T Ala496Val. CAST:c.856G.A is in the calpain inhibitory domain (CID). CAST:c.143G.A and CAST:c.155C.T are four amino acids apart in exon one. Seven of the SNPs were in the 39UTR, and none were in the 59UTR. The consensus sequence showed a further three synonymous DNA sequence differences compared to the reference sequence (NM_174003.2), but these were not polymorphic in the animals we sequenced.
The amino acid changes Gly48Ser and Pro52Leu make a large change to the hydropathy plot of calpastatin while the Ala286Thr and Ala496Val make small changes (Figure 1) . Individually, the hydropathy associated with each amino acid change goes from À1.6 to 3.8 for Pro52Leu on the Kyte-Doolittle scale; the next best of these changes is Ala286Thr (1.8 to À0.7), then Ala496Val (1.8 to 4.2) and then Ser48Gly (À0.8 to À0.4). The combined Gly48Ser and Pro52Leu change alters the most hydrophobic region in the first 150 amino acids of the protein, increasing the average hydrophobicity and broadening the peak. The other amino acid changes do not change the overall shape of the hydropathy curves. The genotypes of the SNP were generally in HWE within breed and the unlinked SNPs are in LE. Of 42 breed by SNP tests of HWE, one was significant (CAPN1:g.6545C.T, Belmont Red, x 2 ¼ 8.26, P ¼ 0.016), with two tests expected significant at the 5% threshold by chance. All allele frequencies of these SNPs were significantly different across the seven breeds, with all comparisons showing P , 0.001. The smallest range of allele frequencies was for CAST:c.155C.T with p 0 , the allele higher up the alphabet, ranging from 0.23 to 0.62 and the largest range of frequencies was for CAPN1:g.6545C.T with p 0 ranging from 0.19 to 0.99. The mean r 2 (Table 2) for SNP comparisons within CAST or CAPN1 were significantly greater than the mean r 2 for SNP comparisons between CAST and CAPN1 (t ¼ 8.98, P , 0.001, N ¼ 105) when the within-breed estimates are compared, although the differences in mean r 2 for these same comparisons calculated across breed are not significant (t ¼ 4.02, P ¼ 0.067, N ¼ 15). The mean r 2 for SNP comparisons within CAST or CAPN1 calculated across breed were not significantly different from those calculated within breed (t ¼ 0.47, P ¼ 0.37, N ¼ 56) and the mean r 2 for SNP comparisons between CAST and CAPN1 calculated across breed were not significantly different from those calculated within breed (t ¼ 0.87, P ¼ 0.63, N ¼ 64). The highest value of r 2 ¼ 1.00 within breed and r 2 ¼ 0.69 across breed for a pair of SNPs. The r 2 for comparisons between the unlinked pairs of SNPs between CASTand CAPN1 show values of essentially zero both within and across breed ( Table 2 ). The four calpastatin protein polymorphisms, as well as the CAST:c.2832A.G SNP, showed different levels of significance although the effect of allele substitution was similar for each ( Table 3 ). All of the polymorphisms increase the amount of residual phenotypic variance that is explained (Figure 2 ) even when a CAST SNP has already been added, suggesting that each SNP may affect the variation for tenderness. Combinations of only the CAST SNP explain 1.1% of the residual variance. CAST:c.155C.T (a ¼ 0.14 s p ) shows the most significant association for its sample size. CAST:c.2832A.G SNP (a ¼ 0.13 s p ) and CAST:c.143G.A (a ¼ 0.13 s p ) also show strong associations with individual breeds showing statistical significance. For CAST:c.1487C.T (a ¼ 0.09 s p ) none of the component breeds show significant associations to meat tenderness; only the combined sample does. The CAST:c.856G.A SNP (a ¼ 0.07 s p ) showed 98 GG homozygotes and only 5 AG heterozygotes in 103 European taurine animals, so those breeds were not genotyped further for this SNP. It was not associated with tenderness in the combined sample of 921 sanga taurine, zebu, and zebu-cross animals, although the Belmont Red breed by itself did show a highly significant association.
Both calpain SNPs, (NM_174259) CAPN1:c.947G.C Gly.Ala (a ¼ 0.13 s p ) and (AF248054.2) CAPN1: g.6545C.T (CAPN1:c.18001169C.T) (a ¼ 0.14 s p ), explain similar-sized effects to that found for the calpastatin SNP (Table 3 ). The CAPN1:c.947G.C SNP shows significance in Angus and Belmont Red. The Belmont Red, the Brahman, and the Santa Gertrudis showed significant associations for CAPN1:g.6545C.T. Combinations of only the CAPN1 SNP explain 1.4% of the residual variance.
The size of effect for any of these CAPN1 and CAST SNPs varies in individual breeds (Figure 3) , although some of the large differences between breeds would be due to sampling effects. Most of the very large sizes of effect are for samples of N , 500, although some of the large sizes of effect are also based on .900 animals in a breed sample (CAST:c.2832A.G). These latter effects are much larger than those found in other samples of similar size, and show that breed appears to alter the effect of the genotype. When data are combined across breeds, the effects appear to be moderated: all values reported in Figure 3 for N . 1500 are for combined samples.
There was significant epistasis between pairs of all CAST and CAPN1 SNPs (Table 4 ). The two-locus genotypes for CAPN1 and CAST show re-ranking of some genotypes (Figure 4) , which is consistent with epistasis. The statistical analysis of epistasis in individual breeds shows that there are several breeds that have more than one significant comparison between a CAPN1 and CAST SNP. In addition, the CAST:c.1487C.T-CAPN1:c.947G.C pair of SNPs showed significant epistasis in four breeds and the same component of epistasis, the additive 3 dominance component (ad 1 da), was significant in all of those breeds. Thirty percent of the comparisons were significant at the 5% level, with 3.5% at the 0.1% level. Seventy one percent of all the significant components were additive 3 dominance effects (ad 1 da) and aa were the least common. Nevertheless, some of the SNP pairs were only significant in one breed, and there were differences in the sizes of the components in the different breeds for a particular pair of SNPs.
DISCUSSION
In this study we report that the CAST:c.155C.T SNP has the strongest association to meat tenderness compared to the four other CAST SNPs and is the most likely Genotype 0 is the homozygote higher up the alphabet, genotype 1 is the heterozygote and genotype 2 is the homozygote lower down the alphabet. Allele 0 is the allele higher up the alphabet. N, sample size; x 0 , mean of genotype 0; SE 0 , standard error of x 0 ; p 0 , frequency of the 0 allele; t max , t-test between the most significant genotypes.
a P-value for F derived from 100,000 permutations. b P-value for the t-test derived from 100,000 permutations. c CAPN1-316 (Page et al. 2002) . d CAPN1-4751 (White et al. 2005 ). e Subset of CAST:c.2832A.G genotypes in common with the rest of the study.
f No permutation of the data was more significant in 100,000 permutations.
single causative allele. The degree of epistasis between the alleles and genotypes at CAPN1 and CAST was significant and the additive effect at one locus changed or rescaled the dominance effect at the other locus. The molecular model of the protein-protein interaction between CAPN1 and CAST is consistent with the location of CAST:c.155C.T as a causal allele and suggests how the epistatic interaction might occur. The nonsynonymous CAST SNPs could all be causative mutations, and there is an increase in the explained residual variance as more SNPs are used. Of the changes to the amino acid sequence of calpastatin, the Pro52Leu change due to CAST:c.155C.T has the largest change in hydropathy (Kyte and Doolittle 1982) of the four amino acid changes we identified, and as it is also the SNP with the most significant association to meat tenderness tested in this study, it suggests that this is the most likely candidate for a causative mutation for meat tenderness in the calpastatin gene, if a single candidate were to be chosen. The CAST:c.143G.A SNP, which causes the smallest amino acid change, is nevertheless only four amino acids away from CAST:c.155C.T, and together they cause a significant shift in hydropathy. The a priori case for the other SNPs is not as strong. The CAST:c.856G.A, which causes the second-largest change, is only significant in one breed, the Belmont Red. While the CID, where it is located, is an important functional part of the gene, this mutation in the amino acid sequence did not show a significant association to tenderness in the combined sample, and significance may be due to linkage disequilibrium to other SNP. The CAST:c.1487C.T SNP, which causes the Ala496Val change, only shows an association to meat tenderness in the combined sample; even with many hundreds of animals in a breed, none of the within-breed associations for this marker are significant for meat tenderness. The slight increase in explained variance when several of the SNPs are added together might reflect interactions when several of the mutations are lined up, or it may reflect the effects of SNPs outside the coding sequence of the gene.
The CAPN1 SNPs have similar effects on meat tenderness, confirming the previously reported discoveries (Page et al. 2002; White et al. 2005) . However, unlike the CAST:c.2832A.G SNP and CAPN1:g.6545C.T which appeared to be useful in all breed types, CAPN1:c.947G.C was thought to be more useful for taurine animals: taurine and zebu cattle are not only evolutionarily distinct, representing domestications from temperate and subtropical regions (MacHugh et al. 1997) , but also have systematic differences in meat tenderness (Wheeler et al. 2001; Reverter et al. 2003) . Our results confirm the breed-specific effects of the CAPN1 SNP. The c.947G.C SNP was significant only in Angus and Belmont Red, which is consistent with the previous report. The g.6545C.T SNP was significant in Brahman, Santa Gertrudis, and Belmont Red. However, none of the purebred cattle of European origin showed associations to g.6545C.T. The Belmont Red has notionally 50% sanga ancestry, derived from the Africander breed of southern Africa, and it is possible that there was a minor component of zebu gene flow into some of the sanga breeds due to the activity of herders in the past thousand years (Hanotte et al. 2002) . The latter SNP is probably in linkage disequilibrium with additional variation, possibly found mainly in zebu breeds, because this SNP, 169 bp into the intron, is not likely to be functional.
The CAST and CAPN1 genotypes show significant epistasis, most of which was of the ad and da types. The evidence for epistasis is strong because it is not restricted to one breed or to one particular SNP comparison. It occurs in most of the breeds, and several of the breeds have more than one pair of SNPs showing significant epistasis. While most of the comparisons have large sample sizes, epistasis was detected in samples with ,100 individuals. In addition, where the same pair of SNPs is found to be significant in different breeds, a range of genotype frequencies was found at both genes. This suggests that the detection of epistasis is not dependent upon the specific conditions of the sample and argues that the significance is not due to a chance event; the relative occurrence of significant components of epistasis is also more frequent than would be expected by chance, and only one of those was an aa component, which is the component that is most likely to be found due to chance (Mao et al. 2006) . The presence of epistasis for a particular CAST-CAPN1 pair should not be interpreted as evidence of a specific functional relationship of that pair of SNPs, or that a particular amino substitution is proved to be functional because it shows a significant epistatic interaction; although the CAST-CAPN1 SNP pairs are in linkage equilibrium there will be genetic correlations within each gene due to linkage disequilibrium so several CAST-CAPN1 pairs should show significant epistasis. Most of the epistasis was additive 3 dominance, which means that the dominance deviation at one locus is altered or rescaled by the additive deviation at the other locus (Hansen and Wagner 2001) . This can be seen in an overall sense when the two-locus genotypes are plotted; the major shifts in phenotype occur when one of the genotypes is a heterozygote, and this occurs for both genes. The predominance of the additive 3 dominance components, and the consistency with which the ad and da components occur with the same pair of SNPs in different breeds, adds to the confidence in the significance of the epistasis. The numerical values for a particular epistatic component differ from breed to breed, but this would be expected since the genotype frequencies are significantly different between breeds; estimates from one population cannot be transferred to another population without losing their orthogonality (Zeng et al. 2005) .
Epistasis between these genotypes suggests that genotype frequency differences between breeds should contribute to the differences in the size of the allele effect for CAPN1 and CAST SNP in different breeds. Epistasis was found in most of the breeds and for all of the SNPs at the two genes. The genotype frequencies for these SNPs differ significantly for all the breeds in this study, and the allele effects of these SNPs differ between breeds. Of course, not all of the differences in size of effect for CAST and CAPN1 alleles in the breeds will be due to epistasis-sampling error will add its share-but part of the differences in size of effect between breeds could be due to epistasis between CAPN1 and CAST SNPs as a consequence of differing frequencies. As genotype frequencies change so the frequencies of heterozygotes will alter, which will change the number of animals in which an additive 3 dominance epistatic effect would be observed. However, all of the differences in size of effect for these two genes in different breeds will only be properly quantified when the other genes with epistatic effects on meat tenderness are analyzed and incorporated into one calculation.
The location of the SNP in CAST is consistent with a possible role in affecting the activation of calpain 1 by calpastatin, particularly when bound to cell membranes. Calpastatin inhibits calpain 1 through the B domain, and this is the focus of most research between these molecules. However, the CAST:c.155C.Tand CAST:c.143A.G SNPs are located in the L domain of calpastatin, which has until recently not been assigned a role in the interaction between these molecules. The amino terminal first sixth of the calpastatin molecule, including the L domain, was known to be responsible for binding to biological membranes at acidic phospholipids (Mellgren et al. 1989) . By changing the hydropathy of this region, these mutations could influence the strength of the binding of calpastatin to cell membranes because it is thought that the mechanism by which it binds involves electrostatic interactions between the basic amino acids in the amino terminal region and the acidic phospholipids. More recently, Melloni et al. (2006) showed that the noninhibitory L domain (i.e., it is not involved in the inhibition of calpain 1 by calpastatin) binds to the catalytic DII domain of calpain and that calpain undergoes a conformational change, increasing its ability to act as a protease at physiological levels of Ca 21 ions. This is consistent with the known activation of calpain 1 when it is bound to membranes. Epistasis between CAST and CAPN1 SNP suggests that when one or the other protein has heterozygous forms it changes the overall performance of the calpain 1 calpastatin complex altering the resulting phenotype for meat tenderness. These changes may occur either where calpastatin binds to cell membranes or binds calpain 1.
Additional research could explore the physical basis of the epistatic interaction and could investigate SNPs in other genes, as they become available, to search for further examples of epistatic interactions. Further study of the protein crystal structure of the amino acid mutations, or the use of yeast two-hybrid analysis of the amino acid mutations, could yield insights into how the epistasis occurs. It may also determine whether the epistasis is specific to the particular SNP or whether epistasis between CAPN1 and CAST is likely to occur in general, and so affect a wide range of phenotypes in a range of species. In addition, other genetic variation influencing meat tenderness may also show epistatic interactions with variation at CAPN1 and CAST but this need not occur through direct protein-protein interactions. Although the example in this study is unusual in that it is for a protein-protein interaction, not because it is conceptually unlikely but because most thoroughly studied epistatic interactions are for interactions along a biochemical pathway, such as when a pigment or metabolite is sequentially altered by a series of genes, so mutations in other genes affecting the amount of muscle tissue or extracellular matrix that is deposited or the degree of breakdown of those tissues may show further epistatic interactions; with a larger range of DNA variants available showing epistatic interactions, the differences in effect of allele substitution found in different breeds might be fully calculated out. While this study cannot test the general frequency with which epistasis occurs, this model shows that epistasis can be identified for protein-protein interactions for relatively small genetic effects associated with QTL, which suggests that epistasis may be quite common given the large number of protein-protein interactions that exist.
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